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^ (57) Abstract: A method for intracellular electro-manipulation is provided. The method includes applying one or more ultrashort 
electric field pulse to target cells. The ultrashort electric field pulses have sufficient amplitude and duration to modify subcellular 

IZJ structures in the target cells and do not exceed the breakdown field of the medium containing the target cells. The amplitude and 
duration of the ultrashort electric field pulse are typically insufficient to substantially alter permeability of the surface membranes 

Q of the target cells, e.g., by irreversibly disrupting the cell surface membranes. An apparatus for intracellular electro-manipulation 

£^ is also provided. The apparatus includes a pulse generator capable of producing an ultrashort electric pulse output and a delivery 

^ system capable of directing the electric pulse output to target cells. 
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METHOD FOR INTRACELLULAR ELECTRO-MANIPULATION 



5 BACKGROUND OF THE INVENTION 

Biological cells consist of cytoplasm surrounded by a membrane. The cytoplasm 
is conducting, the membrane, which is made up of a lipid bilayer, can be considered a 
dielectric. The application of electric fields to biological cells causes buildup of 
electrical charge at the cell membrane, and consequently a change in voltage across the 
10 membrane. For eukaryotic cells the transmembrane voltage under equilibrium condition 
is approximately 70 mV. In order to affect membrane processes by means of external 
electric fields, the amplitude of these fields (" E ") must be such that it generates a 
potential difference ("Vm") at least on the same order as the resting potential. The 
amplitude of the electric field is: 



15 



E = Vm/fa (1) 



where a is the radius of the cell and f is a form factor which depends on the shape of the 
cell. For spherical cells, f is 1.5; for cylindrical cells of length 1, with hemispheres of 
20 diameter d at each end, the form factor is 

f - l/(l-d/3) (2) 

For a biological cell with an assumed radius of about 5 |um and a spherical shape, the 
25 external electric field required to generate a voltage of the same amplitude as the resting 
potential across the membrane is on the order of 100 V/cm. Due to their smaller size, 
the electric field required to affect the membrane permeability of bacteria is much 
higher, on the order of kV/cm. 

For external electric fields of a magnitude such that the change in membrane 
30 potential is on the order of the resting potential, voltage induced opening of channels in 
the membrane causes flux of ions through the membrane. This leads to changes in the 

1 
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ion concentration close to the cell membrane, and consequently causes cell stress. The 
stress lasts on the order of milliseconds, and generally does not cause permanent cell 
damage. If the strength of the electric field is increased such that the voltage across the 
cell membrane reaches levels on the order of one volt, the membrane permeability 
5 increases to such a level that either the cell needs from seconds to hours to recover 
(reversible breakdown), or cell death may occur. The mechanism of the membrane 
breakdown is not well understood. A common hypothesis is that pores are generated in 
the membrane. The pores can be of sizes which allow the exchange of macromolecules. 
If the transmembrane voltages are sufficiently high the pores will not close anymore. 

10 The use of the reversible breakdown effect has been reported in electroporation and in 
biofouling prevention. The irreversible effect has been employed in the 
debacterialization of water and food. 

The effect of electric fields on biological cells is not simply dependent on the 
magnitude of the applied electric field, but also on its duration. This can be understood 

15 by considering a model for the electrical equivalent circuit of the cell, shown 
schematically in Fig. 1. The model shown in Fig. 1 does not take the effect of 
structures inside the cell into account. The cell (in suspension) is modeled by a 
resistance and capacitance. For a pulse duration which is long compared to the dielectric 
relaxation time of the suspension, the capacitive component of the suspension impedance 

20 can be neglected. For many cell suspensions and seawater (i.e., aqueous solutions with 
relatively high ionic strengths) the dielectric relaxation time is on the order of 
nanoseconds. The cell membrane can be modeled as capacitor, the cytoplasm as a 
resistor. The outer membrane contains channels which are affected by the applied 
voltage and allow flow of ions through the membrane, representing a leakage current. 

25 The voltage-gated channels can be modeled as variable, voltage-dependent resistors. 

When a voltage pulse is applied to the cell, charges accumulate at the membrane 
and the membrane voltage is increased. The charging time constant of the cell 
membrane may be represented by equation (3): 

30 t = (pi/2 + pi) C r (3) 



with pi being the resistivity of the suspending medium, e.g. water, p2 being the 
resistivity of the cytoplasm, C the capacitance per unit area, and r the cell radius 

2 
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(spherical cell). Using typical data for cells, the duration of the electric field pulses 
required to generate a potential difference of 1 V across the membrane can be 
calculated. The energy, W, dissipated in the suspension is given by: 

5 W = EVpi (4) 

Electric field and energy density are plotted in Fig. 2 versus pulse duration for spherical 
cells of radius 5 |u.m in a suspension with a resistivity of 50 Qcm. The resistivity of the 
cytoplasm is assumed to be 100 Qcm. The curves show a minimum at 150 nsec. This is 

10 the pulse duration where the stunning or killing of these kind of biological cells is 

predicted to be most effective. Experimental studies have reported which confirm the 
presence of such a minimum. 

Modifications of cells which lead to rupture of the cell membrane can lead to cell 
death via necrosis, a nonphysiological type of cell destruction. It would be 

15 advantageous to be able to initiate cell death via apoptosis in a selective manner. This 
would allow the destruction of cells without engendering the non-specific damage to 
surrounding tissues due to inflammation and scarring that is normally observed with 
necrosis. The ability to selectively modify cells in ways that lead to apoptosis could 
provide a new method for the selective destruction of undesired cells/tissue (e.g., tumor 

20 cells, fat cells or cartilage cells) while minimizing side effects on surrounding tissue. 

SUMMARY OF THE INVENTION 

The present invention relates to a method for modifying cells by intracellular 
25 electro-manipulation. The method includes applying one or more ultrashort electric 
field pulses to target cells. The ultrashort electric field pulse generally has at least a 
sufficient amplitude and duration when applied as a sequence of pulses to modify 
subcellular structures in the target cells in at least a transient fashion. The amplitude of 
individual pulses do not exceed the irreversible breakdown field of the target cells. The 
30 amplitude and duration of the ultrashort electric field pulse(s) are typically chosen so as 
to be insufficient to permanently alter permeability of surface membranes of the target 
cells, e.g., by rupturing the surface membranes. 
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The use of electric field pulses with pulse durations and rise times substantially 
shorter than commonly used in conventional electroporation provides the potential for 
non-lytic methods of selective cellular injury or physiologic ablation that will be 
applicable to most cell types. For example, as suggested by the shrinkage observed in 
5 eosinophils exposed to one or more ultrashort electric field pulses, perturbing 

intracellular structures can lead to the induction of apoptosis. Localized induction of 
apoptosis could be used to sculpt tissues for cosmetic purposes or to selectively kill 
tumor cells, e.g., to selectively ablate tissues such as papillomas and nevi. 

The targeting of substructures of cells rather than cell membranes can have a 

10 utility in treatments involving the selective destruction of cells (e.g., tumor cells) 

without substantially damaging surrounding tissue(s) . Most therapeutic applications of 
the pulsed electric field method require that the fields be applied to tissues rather than 
single cells. With the comparatively long pulses currently employed in such treatments 
(e.g., several hundred microseconds in length), however, the electric field seems to be 

15 less effective in treating tissue compared to single cells. It is known that although 

generalized tissue can be regarded as an aggregate of cells, with different types of cell- 
cell interconnections, tissue electroporation consists of electroporation of individual 
cells. There are two major differences between the electroporation of individual cells in 
a suspension and the electroporation of tissue. In tissue, the local extracellular electric 

20 field depends in a complicated way on the many neighboring cells. In addition, for 

tissues the ratio of the extra- to intracellular volume is usually small, just the opposite of 
most in vitro electroporation conditions. This means that if chemical exchange between 
the intra- and extracellular volumes is the main cause of cell stress, and therefore cell 
death, tissue electroporation with microsecond pulses may be intrinsically less damaging 

25 in vivo than most in vitro electroporation conditions. Since ultrashort pulses can affect 
only the interior of the cell, such pulses are expected to have roughly the same effect on 
tissues as on individual cells. 

Another advantage of using ultrashort pulses of the type employed in the present 
method is the low energy of these pulses. Although the electrical power of the pulses 

30 may be many megawatts, the energy of these pulses is often so low (due to their 
extremely short duration) that any thermal effects on cells can be neglected. The 
present pulse power method is thus a "cold" method which can allow modification of 
cells via electrical effects without creating any substantial related thermal effects. For 
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example, the thermal effects associated with the pulses employed in the present method 
typically only generate temperature increases in the bulk medium or tissue on the order 
of 1-2°C. The ability to electrically modify cells in a "cold" manner is particularly 
useful where the intent is to selectively modify subcellular structures within a target cell 
5 without substantially effecting the cell membrane. 

The present invention also provides an apparatus for intracellular electro- 
manipulation. The apparatus includes a pulse generator capable of producing an 
ultrashort electric pulse output and a delivery system capable of directing the electric 
pulse output to target cells, e.g., capable of selectively directing the electric pulse output 
10 to targeted cells in vivo in a manner which avoids causing substantial injury to the 
surrounding tissue. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 depicts an electrical equivalent circuit of a cell in suspension. 
15 Fig. 2 is a graph showing the electric field required to charge a cell surface 

membrane to 1 V and corresponding energy density versus pulse duration. 

Fig. 3 shows an HL-60 leukemia cell and a simplified electrical equivalent circuit 
of a cell containing a nucleus. 

Fig. 4 shows voltage-time curve for modeling of application of 60 nsec and 6 
20 /xsec electric field pulses to a theoretical cell. The dotted line shows the applied voltage 
pulse, the dashed line shows calculated voltage across the surface membrane, the heavy 
solid line shows the voltage across intracellular membranes. 

Fig. 5 shows microscopic examinations (10X magnification) of stained human 
neutrophils at 0, 10, 20 and 30 minutes after being subjected to a 60 nsec, 60 kV/cm 
25 electric field pulse ("A4") in comparison to an untreated control (Fresh). 

Fig. 6 shows microscopic examinations (10X magnification) of stained human 
neutrophils at 0, 10, 20 and 30 minutes after being subjected to a 300 nsec, 40 kV/cm 
electric field pulse ("B6") in comparison to an untreated control (Fresh). 

Fig. 7 shows microscopic examinations (160X magnification) of stained human 
30 neutrophils immediately after being subjected to a 60 nsec, 60 kV/cm electric field pulse 
("A42"), 300 nsec, 40 kV/cm electric field pulse ("B6"), or 300 nsec, 60 kV/cm 
electric field pulse ("B8"). 
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Fig. 8 shows microscopic examinations (280x magnification) of stained human 
neutrophils immediately after being subjected to a 60 nsec 60 kV/cm electric field pulse, 
(A4) or 300 nsec 40 kV/cm electric field pulse (B6). 

Fig. 9 shows microscopic examination of myeloperoxidase stained human 
5 neutrophils (280x magnification) immediately after being subjected to a 60 nsec, 60 
kV/cm electric field pulse, (A4), 300 nsec, 40 kV/cm electric field pulse (B6), or 300 
nsec, 60 kV/cm electric field pulse (B8) in comparison to untreated control (FRESH). 

Fig. 10 is a graph of the nuclear area (in pixels) of cells after being subjected to 
a 60 nsec, 60 kV/cm electric field pulse, (A4), 300 nsec, 40 kV/cm electric field pulse 
10 (B6), or 300 nsec, 60 kV/cm electric field pulse (B8) in comparison to untreated control 
(FRESH). 

Fig. 11 is a graph of absolute density at distances from its origin for human 

neutrophils after 2 hours of migration in agarose filled plates in response to bacterial 

fMLP stimulation; the neutrophils were subjected to a 60 nsec, 60 kV/cm electric field 
15 pulse, (A4), 300 nsec, 40 kV/cm electric field pulse (B6), or 300 nsec, 60 kV/cm 

electric field pulse (B8) in comparison to untreated control (FRESH). 

Fig. 12 is a graph of absolute density at distances from its origin for human 

neutrophils after 2 hours of unstimulated migration (control buffer) in agarose filled 

plates; the neutrophils were subjected to a 60 nsec, 60 kV/cm electric field pulse, (A4), 
20 300 nsec, 40 kV/cm electric field pulse (B6), or 300 nsec, 60 kV/cm electric field pulse 

(B8) in comparison to untreated control (FRESH). 

Figure 13 is a graph of the mean distance migrated by human neutrophils under 

unstimulated (control buffer) and stimulated (bacterial FMLP) conditions after being 

subjected to a 60 nsec, 60 kV/cm electric field pulse, (A4), 300 nsec, 40 kV/cm electric 
25 field pulse (B6), or 300 nsec, 60 kV/cm electric field pulse (B8) in comparison to 

untreated control (FRESH). 

Fig. 14 is a graph showing the effect of exposure of HL-60 promyelocytic 

leukemia cells in logarithmic growth phase to electric field pulses of varying duration 

(60 nsec, 2 /xsec, 10 jusec, or 200 /xsec). 
30 Fig. 15 is a graph showing the effect of exposure of HL-60 promyelocytic 

leukemia cells in stationary growth phase to electric field pulses of varying duration (60 

nsec, 2 jusec, 10 ^sec, or 200 jxsec). 
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Fig. 16 is a graph showing the percentage apoptosis of HL-60 cells as a function 
of time after being subjected to IEM pulses at 60 nsec, 60 kV/cm (A4), 300 /xsec, 40 
kV/cm (B6) or 300 /zsec, 60 kV/cm (B8). 

Fig. 17 is a graph showing the percentage necrosis of HL-60 cells as a function 
5 of time after being subjected to IEM pulses at 60 nsec, 60 kV/cm (A4), 300 ptsec, 40 
kV/cm (B6) or 300 M sec, 60 kV/cm (B8). 

Fig. 18 is a graph showing the percentage apoptosis of HL-60 cells as a function 
of time after being subjected to IEM pulses at 60 nsec, 60 kV/cm (A4), 300 ^sec, 40 
kV/cm (B6) or 300 /xsec, 60 kV/cm (B8). 
10 Fig. 19 is a graph showing the percentage necrosis of HL-60 cells as a function 

of time after being subjected to IEM pulses at 60 nsec, 60 kV/cm (A4), 300 jusec, 40 
kV/cm (B6) or 300 ^sec, 60 kV/cm (B8). 

Fig. 20 depicts a schematic of an apparatus for modifying cells which includes a 
line type pulse generator with a laser triggered spark gap switch. 
15 Fig. 21 is a graph depicting its shape of an exemplary electric field pulse (as a 

plot of voltage versus time) which can be employed in the present methods. 

Fig. 22 is a graph showing the Fourier spectrum (as a plot of amplitude in V/Hz 
versus frequency) of the electric field pulse shown in Fig. 21. 

Fig. 23 is a graph (voltage versus time) depicting the shape of an exemplary 60 
20 nsec pulse in comparison to a 10 microsecond (10 ^sec) pulse. 

Fig. 24 is a graph depicting the Fourier spectrum (as a plot of amplitude in V/Hz 
versus frequency) for the 60 nsec and 10 ptsec pulses shown in Fig. 23. 

Fig. 25 is graph showing a voltage versus time tracing for an ultra-short 
electrical pulse produced by the ultra-short pulse generator shown in the inset panel; the 
25 resulting electrical pulse is nearly rectangular in shape and reaches a maximum voltage 
in the 5-6 kV range, which when applied in a cell suspension via electrodes 0.1 cm 
apart, provides electrical intensities in the 50-60 kV/cm range. 

Fig. 26 shows microscopic examination of human eosinophils stained with 
calcein (right) and by modified Wright-Giemsa stain (left). Top panels show untreated 
30 (control) eosinophil appearance, with negative staining intracellular granules within 

calcein-stained eosinophils. Following 3 (middle panels) or 5 (lower panels) pulses (60 
nsec, 53 kV/cm), subsets of calcein-labeled eosinophils develop brightly staining 
intracellular granules while retaining their cytoplasmic calcein labeling, which indicates 
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loss of membrane integrity in the brightly stained granules without loss of surface 
membrane integrity (i.e., retention of the cytoplasmic calcein staining). 

Fig. 27 shows microscopic examination of the effects of Triton X-100 treatment 
on free calcein staining of eosinophil granules; UPPER ROW: Wright-Giemsa stained 
5 (above) and fluorescent (below) images of eosinophils (left), calcein-AM (1 /xM) stained 
eosinophils (center), and eosinophils incubated for 5 minutes in 0.001% Triton X-100 + 
1 uM free calcein (right); BOTTOM ROW: Wright-Giemsa stained (above) and 
fluorescent (below) images of eosinophils treated with 1 jiM free calcein + 0.005% 
Triton X-100 for 5 minutes (left), eosinophils treated with 0.01% Triton X-100 + 1 uM 
10 free calcein for 5 minutes (center) and eosinophils incubated in 0.05% Triton X-100 + 
1 /xM free calcein for 5 minutes (right) . 

Fig. 28 shows the lines of an electric field generated in tissue between a pair 
needle electrodes inserted into the tissue. 

Fig. 29 shows a hexagonal array of positions that can be used to apply ultrashort 
15 electric field pulses to a targeted area of tissue in vivo. 



DETAILED DESCRIPTION 

In the simple equivalent circuit shown in Fig. 1, the cell was modeled as a 
homogeneous, conductive medium surrounded by a dielectric membrane. Taking 

20 substructures in cells into account, such as the cell nucleus in eukaryotic cells, requires 
a more complex model of the equivalent circuit. HL-60 Leukemia cells can be used to 
demonstrate the complexity of structures inside the cell. The nucleus is clearly visible 
as are smaller substructures within it, e.g., nucleoli. The substructures can be modeled 
by treating the membrane surrounding the nucleus as a capacitor and the interior of the 

25 nucleus as a resistor, both elements in series and in parallel to the resistance which 
describes the cytoplasm in the first, simplified, equivalent circuit (see, e.g., Fig. 3). 
Similarly, the nucleoli can also be described by an additional capacitor resistor 
arrangement in parallel to the nucleus resistance. 

Basic electrical circuit principles indicate that low frequency electric fields will 

30 affect mainly the larger capacitance, that is the outer membrane. With increasing 
frequency, the outer membrane, however, will be effectively shorted out, and the 
applied voltage will appear across the inner (nucleus) membrane. This model predicts 
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that at frequencies around 1 MHz, the applied voltage should appear mainly across the 
membrane of the nucleus, rather than across the outer membrane. This means that 
shorter pulses with higher frequency components would be expected to affect the 
nucleus of a cell rather than the cell membrane. 
5 Assuming that the diameter of target intracellular structures, d, is small 

compared to the cell diameter, and that the structures are located in the center of the 
cell, the voltage across the intracellular structure, Vis, can be modeled according to the 
equation: 

10 Vis = E(t)d = j (t)dpis = d/?is(E(t)//?c)exp(-t/7c) (5) 

where p\* is the resistivity of the target intracellular structure. The charging of the 
intracellular membrane is predicted to occur with a time constant, T\s: 

15 

7is = cisd/2(p c /2 + p\s) (6) 

The voltage across the intracellular structure membrane, Vism, is consequently 
given as: 

20 Vism = Vis( 1 -exp-t/7is)) = d/*s(Eo//7c)exp(-t/rc)( 1 -exp(-t/71s)) [u(0)-u(T)] (7) 

where u(0) and u(T) are stepfunctions at t=0 and t = T. 

The temporal development of the applied voltage, the voltage across the surface 
membrane and that across the intracellular structure membrane (equ. 7) is shown in 

25 Figure 4 for the cellular parameters D=0 jim, d = 5 /xm, p c =pn= 100 Qcm, 

Cm=ljLtF/cm 2 , Cn=0.5 /xF/cm 2 , and a pulse duration of T = 60 nsec. In this instance, a 
rectangular pulse is applied, while in experimental situations, the pulse is more typically 
trapezoidal. The value for the capacitance of the outer cell surface membrane has been 
reported in published work (see, e.g., Schwan, Biophysik , 1, 190 (1963)) and the 

30 capacitance of intracellular structures is assumed to be either the same or half of this 

value, depending on the structure of the specific intracellular membrane. The nucleus is 
surrounded by two lipid bilayer membranes that make up the nuclear envelope, whereas 

9 
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other intracellular structures (e.g., intracellular granules) may have only one lipid 
bilayer membrane surrounding them. 

From this simple theoretical model, a number of conclusions can be drawn: 
1 . The voltage across the intracellular membrane may reach values on the same 
5 order as the voltage across the outer membrane if the pulse duration is larger than the 
charging time of the intracellular membrane and the pulse rise time is small compared to 
this charging time. The importance of the second condition can be illustrated by 
considering the electrical response of a cell to two pulses with the same electric field, 
but quite different rise times (and durations). The electrical pulses are presumed to be 

10 similar in shape but the ultra-short (60 nsec) duration pulse has rise and fall times of 10 
nsec, while the longer pulse (6 /xsec) has rise and fall times of 1 jzsec. If the cell 
dimensions, capacitances and resistivities are the same, the short, fast rise-time pulse 
results in voltages across the intracellular and surface membranes that are comparable 
for both membranes, while the longer pulse with the microsecond rise-time results in 

15 almost negligible voltage across intracellular membrane. The voltage across the outer 
membrane for the longer pulse, however, reaches the value of the applied voltage, 
favoring electroporation of this membrane. This effect has been used in medical 
applications where pulses in the temporal range of tens of microseconds to milliseconds 
are used to facilitate drug and gene delivery into cells. 

20 2. To reach voltages in excess of 1 volt across intracellular membranes, electric 

field amplitudes in the megavolt/m range are required on a time scale of the charging 
time of the intracellular membrane. For intracellular structures with characteristic 
dimensions of jum, membrane capacitances on the order of /itF/cm 2 , and cytoplasm 
resistivities of 100 Qcm, the charging time (equ. 6) is less than 10 nsec. The required 

25 rate of change of the electric field intensity is consequently dE/dt > 10 14 volt/(meter 
second). Only if both conditions are satisfied (i.e., large electric field amplitude plus 
extremely fast rates of change in the electric field), can intracellular effects be expected. 

3. The voltage across intracellular membranes is expected to be almost linearly 
dependent on the diameter of the intracellular structure. Stronger effects at larger 

30 internal structures would therefore be expected with the same electrical parameters. 

Reaching a critical voltage across the intracellular membrane is a necessary but 
not sufficient condition for "intracellular electromanipulation" ("IEM"). In order to 
change the structure of the membrane, e.g., open membrane defects to a size that allows 

10 
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passage of macromolecules through them, the critical voltage needs to be applied long 
enough to allow expansion of the defects to appropriate size. Estimates of the voltage 
required to achieve such effects at the surface membrane have been reported, but no 
such estimates exist for intracellular membranes. The model described here is therefore 
5 only providing necessary conditions for the onset of electric field dependent effects on 
intracellular membranes, and does not describe the specific processes occurring within 
the membranes. Nonetheless, this analysis clearly illustrates that reducing the pulse 
duration, or more precisely, reducing the pulse rise time to values less than the charging 
time for intracellular membranes, and increasing electric field intensities to megavolt/m 
10 range should allow preferential targeting of intracellular membranes. The experimental 
work described herein establishes that at least in certain cases, the application of a 
sequence of multiple ultrashort pulses within a relatively short time period can amplify 
the effect on intracellular substructures without causing substantial defects in the outer 
surface membrane. 

15 The present method typically employs ultrashort electric field pulses having 

sufficient amplitude and duration to modify subcellular structures in the target cells, at 
least when applied as a sequence of ultrashort pulses within a relatively short time 
period, e.g., a sequence of 3-5 ultrashort pulses within a time interval of 10 seconds or 
less. The amplitude and duration of each ultrashort electric field pulse can be chosen so 

20 that it is insufficient to alter permeability of surface membranes of the target cells, e.g., 
by inducing pores in the cell membranes. The target cells are generally either in 
suspension in solution or present as part of a tissue. Each ultrashort electric field pulses 
typically has a pulse duration of no more than about 1 microsecond and an amplitude of 
at least about 20 kV/cm. Characterized in a different fashion, the ultrashort electric 

25 field pulses typically have a pulse duration of no more than about 1 microsecond and 
provide a total energy density of at least about 75 mJ/cc. Preferably, the ultrashort 
electric field pulses provide total energy density of no more than about 10 J/cc. More 
typically, the total energy density provided by each ultrashort electric field pulse is 
about 75 mJ/cc to about 2,000 mJ/cc and, preferably, about 100 mJ/cc to about 1,000 

30 mJ/cc. In instances where extremely short pulses are applied, e.g., pulses having a 
duration of about 10 nanoseconds or less, the total energy density provided by the 
electric field pulse may only be on the order of about 10 to 20 mJ/cc. In addition to 
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having short durations, the electric field pulses used in the present methods commonly 
have rise times of 50 nsec or less. 

The amplitude of an electric field (the applied voltage divided by distance 
between electrodes) pulse is generally at least about 20 kV/cm, but should not exceed 
5 the breakdown field of the suspension or tissue which includes the target cells. The 
breakdown field increases with decreasing pulse duration, and can be experimentally 
determined. Under the conditions commonly employed in the present method, however, 
the breakdown field does generally not exceed 500 kV/cm. Electric field pulses 
employed in the present methods which have durations of 10 to 500 nsec typically have 

10 amplitudes of about 20 kV/cm to about 300 kV/cm. 

To minimize the potential effects on the bulk temperature of the medium 
("thermal effects"), the electrical field pulses generally have a rapid rise time and short 
duration. The pulses should preferably be less than one microsecond, but more than 
100 picoseconds in duration. A common pulse duration is about 1 nanosecond to about 

15 500 nanoseconds, with pulses typically having a duration of about 10 to a 300 

nanoseconds. The optimum pulse duration will vary depending on the cell type, tissue 
type and desired treatment, among other factors. The pulse should be preferentially 
rectangular or trapezoidal, but other pulse shapes may also used. For example, in order 
to open both the outer and inner cell membranes, an intense short pulse might be 

20 combined with a less intense longer pulse. Other examples of suitable pulse shapes 
include exponential decaying pulses, unipolar pulses and bipolar pulses. 

The rise time of the ultrashort electric field pulse is typically no more than about 
20% and, preferably, no more than about 10% of the pulse duration. For example, if 
the pulse duration is about 100 nanoseconds, the rise time of the pulse is preferably 

25 about 10 nanoseconds or shorter. For pulses with pulse durations of about 400 

nanoseconds or longer, the pulse rise times of about 30-40 nanoseconds are common. 
With pulses having extremely short durations, e.g., one nanosecond or less, the rise 
time is often a greater percentage of the pulse duration. For example, pulses with a 
duration of less than one nanosecond, can commonly have a rise time which is up to 

30 about 50% of the pulse duration. 

The duration, rise time and the frequency distribution of the Fourier transform of 

the pulse are related. Figure 24 shows the Fourier spectrum of a short pulse (60 nsec) 

which extends to the 10 MHz range and for a long pulse (10 microsec) which extends up 
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to the 100 KHz range. With increasing frequency (i.e., decreasing pulse rise time), the 
outer surface membrane of the target will be effectively shorted out, and the applied 
voltage will appear across the inner (nucleus) membrane. This behavior is shown in Fig. 
4, where the voltage across the surface (outer) membrane and that across the nucleus 
5 membrane is plotted versus frequency. Fig. 4 predicts that at frequencies around 1 
MHz, the applied voltage should appear mainly across the membrane of subcellular 
structures, such as the nucleus, rather than across the outer surface membrane. Electric 
field pulses with duration of less than about 1 microsecond and rise times of 40 
nanoseconds or less have Fourier transforms which include frequencies above 1 MHz 

10 with substantial amplitudes. 

The Fourier spectrum of the pulses which are employed in the present methods 
can include frequencies with substantial amplitudes up to about 1 GHz. Typically, the 
pulses employed in the present methods have Fourier spectra which include frequencies 
above 1 MHz with amplitudes greater than 50% of the maximum voltage in the 

15 spectrum (referred to hereinafter as greater than "Vmax/2"). Preferably, the Fourier 
spectra of the pulses includes frequencies between 5 to 50 MHz with amplitude greater 
than Vmax/2. For example, a 60 nanosecond rectangular pulse such as depicted in Fig. 
21 has a Fourier spectrum which includes frequencies with amplitude greater than 
Vmax/2 up to about 10 MHz. In contrast, the Fourier spectrum of a 10 microsecond 

20 rectangular pulse only has frequencies of this amplitude up to about 200-500 kHz (see 
comparison in Figs. 23 and 24). 

As indicated above, to modify subcellular structures in target cells it may be 
advantageous to apply a series of ultrashort electric field pulses within a relatively short 
time interval. For example, it has been found that the application of a sequence of 3 to 

25 5 ultrashort electric field pulses (e.g., trapezoidal pulses with durations of 10-300 nsec 
and amplitudes of about 25 to 300 kV/cm) may be more effective at modifying 
intracellular substructures than a single pulse of the same amplitude and duration (see 
Example 9). For example, the application of a multipulse sequence with a roughly one 
second interval (delay) between pulses can rupture granules within eosinophils without 

30 significant damage to the outer cell membrane. Where multipulse sequences are 

employed in the present methods, the time interval between subsequent pulses may vary 
over a wide range, e.g., between 1.0 millisecond and 100 seconds. As another 
example, multiple pulse sequences with time interval between pulses of about 0.1-3 
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seconds are quite suitable for initiating apoptosis. Although larger numbers of pulses 
may be employed, the multipulse sequences utilized in the present methods typically 
include up to about 20 pulses, which are generally spaced at regular time intervals. 
Suitable results can often be obtained for certain types of cells (e.g., eosinophils, 
neutrophils and T-lymphocytes) by applying 3-5 ultrashort electric field pulses within a 
relatively short time period, e.g., within a time period no longer than about 5 to 10 
seconds. As indicated above, the amplitude and duration of the ultrashort electric field 
pulse are typically chosen so that the sequence of pulses does not permanently alter 
permeability of surface membranes of the target cells, e.g., by rupturing the surface 
membranes. 

The present method may be used to modify a variety of cells, For example, the 
target cells may be any of a variety of common cells, such as fat cells, bone cells, 
vascular cells, muscle cells, cartilage cells and the like. In some instances, the 
technique may be used to selectively modify certain types of cells in the presence of 
other cells. For example, the parameters of the present method may be adjusted to 
selectively induce apoptosis in tumor cells in vivo (e.g., carcinoma cells, sarcoma cells, 
or papilloma cells) without substantially affecting normal cells in surrounding tissue. As 
another example, the technique may be utilized to selectively destroy eosinophils in a 
mixture including eosinophils and neutrophils (see, e.g., Table II in Example 4 herein). 
The experiments described herein indicate that the present techniques may be used to 
selectively modify faster growing cells in the presence of slower growing cells (e.g., 
cells in stationary phase). In other instances, the selectivity may be simply based on 
spatially limiting the application of the ultrashort electric field pulse(s). For example, 
by using an appropriate configuration of electrodes, cells within a predetermined area of 
tissue may be selectively modified in vivo (e.g., through initiation of apoptosis) without 
altering cells in the immediately surrounding tissue. Devices which incorporate such 
electrode configuration are currently employed with conventional electroporation pulses 
(pulses with usee duration) to enhance the delivery of therapeutic drugs to cells within a 
predetermined area. 

In one embodiment, the present method can be used to modulate cell function, 
either through enhancing or attenuating the particular cell function depending on the cell 
type, phase of the cell and intended treatment. For example, target cells can be 
subjected to an electric field pulse of sufficient amplitude and duration to modify 
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chemotactic activity in the target cells without reversibly disrupting the permeability of 
surface membranes in the target cells. Under appropriate conditions, e.g., by applying 
electric field pulses of 60 to 300 nsec duration proving total energy densities of about 
150 to 1000 mJ/cc, the chemotactic activity of cells, such as human neutrophils, can be 
5 inhibited (see, e.g., Example 5). 

In another embodiment, this application provides a method that can be used to 
initiate apoptosis in target cells by applying at least one ultrashort electric field pulse 
with a pulse duration of no more than about 1 microsecond to the target cells. In such 
instances, electric field pulse commonly provides a total energy density of at least about 

10 75 mJ/cc, although pulses with lower energy may be employed, in particular where the 
pulse has an extremely short duration and a relatively high amplitude or where 
sequences of multiple pulses are applied to the target cells within a relatively short time 
interval, e.g., with a spacing of 1-2 seconds between succeeding pulses. 

Upon choice of the correct parameters, the present method can be employed to 

15 selectively destroying target cells in a mixture including the target cells and a second 

type of cells. For example, the method can be used to selectively destroy eosinophils in 
a mixture including eosinophils and neutrophils. 

In yet another embodiment, present application provides a method of enhancing 
the proliferation of target cells in a non-proliferative state. This method includes 

20 applying at least one ultrashort electric field pulse of sufficient amplitude and duration to 
modify the target cells without irreversible disruption of cell surface membranes in the 
target cells. Depending on the particular cell type and phase of cell growth, the 
enhancement of proliferation may be induced be application of an electric field pulse of 
no more than 1 microsecond in duration and having an amplitude and/or providing a 

25 total energy density as low as 10 kV/cm and 10 mJ/cc, respectively. When the 
inducement of enhanced cell proliferation is the desired objective, the amplitude, 
duration, rise time and number of the ultrashort electric field pulse(s) are generally 
chosen so as to minimize the initiation of apoptosis in the target cells. 



30 Intracellular Electro-Manipulation Apparatus 

The present method typically employs an apparatus for intracellular electro- 
manipulation which includes a pulse generator and a delivery system adapted to direct 
the electric pulse output to target cells. The pulse generator includes a pulse forming 
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network and a high voltage switch. The pulse forming network may be a high voltage 
cable, a strip-line, or a pulse forming network constructed of individual capacitors and 
inductors in a transmission line arrangement. The high voltage switch can suitably be a 
gaseous, liquid or solid state switch. The energy in the pulse forming network may be 
5 stored capacitively, which requires a closing switch to release a pulse, or inductively, 
which requires an opening switch to release a pulse. Upon triggering of the switch, an 
electrical pulse is launched into the load, i.e., the target cells in suspension or tissue 
form. The switch can be triggered by a variety of common methods, e.g., optically or 
electrically. The latter can be accomplished by employing a third electrode or by 

10 overvolting the switch. An example of a suitable cable pulsed power system, designed 
to generate ultrashort pulses of the type employed in the present method is shown in 
Figure 20. Figure 21 shows a typical shape of a pulse employed in the present methods 
and the corresponding Fourier spectrum of the pulse is shown in Figure 22. The 
electrical field pulses can be varied in length ("duration") by changing the pulse forming 

15 network, such as by reducing or increasing the length of the cable or stripline, or by 
using a switch which can be closed and opened. One specific example of an apparatus 
suitable for modifying cells by intracellular electro-manipulation is described in 
Example 10 herein. 

The "load," which includes the target cells in tissue or suspended in a medium, 
20 is located between two or more electrodes. These electrodes may be solid material (in 
any of a number of suitable shapes, e.g., planar, cylindrical, spherical, etc), wires or 
meshes or combinations thereof. One (set of) electrode(s) is connected to the high 
voltage connection of the pulse generator, and a second (set of) electrode(s) is connected 
to the ground connection of the pulse generator in a suitable manner, e.g., via a second 
25 stripline or high voltage cable. The electrode material is a conductor, most commonly 
metal. 

A typical ultrashort pulse electric field generator ("USPEF generator") includes 
a distributed pulse forming network, a switch to allow rapid transfer of electrical energy 
into the load, and the load itself (see, e.g., Figure 25, inset). If such a pulse-forming 
30 network is charged up to 18 kV, and then released, this charge can produce an almost 
rectangular ultra-short duration pulse (see Figure 25), which when applied to a 10 Q 
load, produced a maximum voltage of 9 megavolts. The corresponding electric field 
intensity between two electrodes separated by 1 .0 mm is 90 kV/cm. The maximum 
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electrical power, V 2 /R, which can be achieved with these conditions is 8.1 MW, while 
the energy (power x pulse duration) transferred into the load is only 0.49 Joule. For a 
100 /xL volume of cell suspension, the energy density is consequently 4.5 J/cc. This 
energy transfer results in a calculated maximum temperature increase of only about 1°K 
for a single pulse. 

In one particularly useful embodiment, the apparatus includes a pulse generator 
capable of producing ultrashort electric pulses and a delivery system capable of 
selectively directing the electric pulse output to targeted cells in vivo, e.g., capable of 
selectively directing the electric pulse output to tumor cells in vivo in a manner which 
avoids causing substantial injury to the surrounding tissue. The pulse generator in an 
apparatus of this type is typically capable of generating electric pulses having a duration 
of 1 to 500 nanoseconds and amplitudes of at least 10 kV/cm. The delivery system 
commonly includes one or more pairs of electrodes capable of being inserted into tissue 
in vivo, e.g., in the form of an array of needle electrodes. In another configuration, 
delivery system includes at least one electrode which is an component of a catheter. 
Basic configurations for such delivery systems are described in U.S. Patent 5,944,710, 
the disclosure of which is herein incorporated by reference. For use in the present 
methods, such delivery systems need not include an infusion port for intravascular 
administration of a pharmaceutical composition. 

The following examples are presented to illustrate the present invention and to 
assist one of ordinary skill in making and using the same. The examples are not 
intended in any way to otherwise limit the scope of the invention. 
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Example 1 - IEM of Neutrophil Suspensions 

Experiments were conducted to determine the effects of ultrawide band, low 

energy, short duration electric pulses (Intracellular Electro-Manipulation or "IEM") to 

induce a delayed, time-dependent and/or energy /power-dependent cell death in human 
5 neutrophils. Groups of cells were subjected to single rectangular pulses having the 

following parameters and compared to untreated control cells: A4 - 60 nsec, 60 kV/cm; 

B6 - 300 nsec, 40 kV/cm; and B8 - 300 nsec, 60 kV/cm. 

Cells were stained with calcein-AM, a green fluorescent probe that stains the 

cytoplasm of live, intact cells, and then exposed to the various IEM pulses. 
10 Immediately after exposure to IEM, the cells were stained with ethidium bromide 

homodimer (EtBr), a membrane non-permeable red fluorescent probe that stains the 

nucleus of cells that exhibit plasma membrane damage. The cells were centrifuged onto 

glass slides (cytospin). The cells were observed under conditions for calcein (left panel) 

or EtBr (middle panel) fluorescence (see Figs. 5-7). Images were captured, and the 
15 fields marked. The cells were then stained with Wright stain (right panel), the same 

fields were observed, and images were captured under conditions for light microscopy. 

Images were observed at 10X magnification. 

Freshly isolated human neutrophils exhibit a limited life span and undergo cell 

death during in vitro culture. At time 0 (TO) after IEM, only a small percentage of cells 
20 (2-5%) exhibits EtBr fluorescence, indicating few membrane -ruptured cells (see Fig. 

5a). After 1 hour, a small increase in the number of ruptured cells is indicated. The 

cells appear as small pinkish (cytoplasm) circles with dark purple dots (nuclei) within. 
Under A4 pulse parameters at TO after IEM, no increase in the number of EtBr 

fluorescent cells is observed, indicating that the cells are still intact (see Fig. 5). A small 
25 time-dependent increase in the number of neutrophils exhibiting EtBr fluorescence 

occurs, indicating small increasing cell death. At T30, there is a small increase in the 

number of dead cells compared to T30 control cells. 

Under B6 pulse parameters at TO after IEM, no increase in the number of EtBr 

fluorescence is observed, indicating that the cells are still intact (see Fig. 6). However, 
30 a more rapid increase in the number of EtBr fluorescent cells occurs with time. Notice 

in B6, T20 and T30 (middle panel) there are increases in the percentage of dead cells 

and in the right panel, increases in the number of lysed, ruptured cells are evident. 

18 



WO 01/10319 

These appear as pinkish smears (spilled cytoplasm) around dark nuclei, 
were observed with the B8 pulse. 



PCT/US00/21197 
Similar results 



Example 2 - Selective Modification of Subcellular Neutrophil Structures 
5 The ability of IEM to alter subcellular structures without disrupting the plasma 

membrane was examined. Protease-containing vesicles within the neutrophil were 
"modified" before the nucleus was "modified," thereby demonstrating selectivity for 
modifying subcellular structures. 

Method: IEM parameters included sham or control (fresh), A4 (60 nsec, 60 kV/cm), B6 
10 (300 nsec, 40 kV/cm), and B8 (300 nsec, 60 kV/cm). All exposures were at 

immediately after IEM exposure (TO) and images were at 160X magnification (Fig. 7) 
or 280X magnification (Figures 8 and 9). 

Results: Figure 7. Under A4 pulse parameters at TO after IEM, no increase in the 

number of EtBr fluorescence is observed, indicating that the cells are still intact. A4 
15 neutrophils shown are intact and exhibit morphology similar to control cells. The 

cytoplasm exhibits relatively even fluorescence (left panel) and Wright staining (right 

panel). Nuclear changes are minimal (dark purple lobed or irregular staining nuclei, 

surrounded by lighter stained cytoplasm). 

In contrast, under B6 pulse parameters at TO after IEM, the cytoplasm exhibits 
20 uneven calcein fluorescence with "pores" or "holes" showing the absence of 

fluorescence (left panel). Wright staining (right panel) also indicates "pores" or "holes". 

Nuclear staining appears somewhat uneven, with beginning evidence of "pores" or 

"holes". 

Under B8 pulse parameters at TO after IEM, cytoplasmic staining is nearly gone 
25 and nuclear staining exhibits significant "pores" or "holes" (right panel). The B8 

control (left panel, Wright stain) shows neutrophils not exposed to IEM (normal), but 
prepared at the same time as B8 IEM exposed neutrophils. 

B5 (right panel, Wright stain) shows IEM conditions (300 nsec, 30 kV/cm) 
between A4 and B6. Note how "pores" or "holes" begin to become evident in the 
30 cytoplasm. The B5 control (left panel, Wright stain) shows neutrophils not exposed to 
IEM (normal), but prepared at the same time as B5 IEM exposed neutrophils. 



19 



WO 01/10319 



PCT/US00/21197 



Figure 8 . Neutrophils from A4 and B6 pulse parameters are shown at higher 
magnification (280X) to more clearly show the cytoplasmic characteristics. The "pores" 
or "holes" are present in B6, but not A4. 

Figure 9 . Neutrophils are shown after myeloperoxidase staining, which stains neutrophil 
5 vesicles that contain proteases used for killing bacteria. Myeloperoxidase staining at TO 
in fresh and A4 IEM parameter appear relatively granular, indicating the presence of 
numerous small protease-containing vesicles. Under B6 IEM parameters, the staining is 
more diffuse, indicating the presence of vesicle rupture. Under B8 IEM parameters, the 
staining is nearing gone, indicating that nearly all of the vesicles have bee ruptured with 
10 the higher energy / power conditions. 

Example 3 - IEM Induces Nuclear Shrinkage in Cells 

The ability of IEM to induce nuclear shrinkage in neutrophils and HL-60 cells 
was examined. Nuclear shrinkage is a typical characteristic of cell death by apoptosis 
15 (programmed cell death). 

Method: IEM parameters include sham or control (fresh), A4 (60 nsec, 60 kV/cm), B6 
(300 nsec, 40 kV/cm), and B8 (300 nsec, 60 kV/cm). Cells were stained with Wright 
stain immediately after being subjected to the IEM pulse, nuclei were set to gray scale 
and pixel area was determined. Nucleus sizes from 30 to 42 cells were determined and 
20 each one plotted according to pixel area. 

Result: Nuclei from neutrophils exposed to all three IEM parameters are significantly 
smaller than control cells (see Figure 10). The mean nuclear area in pixels for each 
condition (IEM conditions) were determined. In contrast to the control which had a 
mean pixel area of 15,152 ±_ 338 (30 determinations), the cells subjected to an IEM 
25 pulse had the following mean pixel areas: 

A4 - 11,871 ± 324 (30 determinations); 

B6 - 13,814 +. 332 (42 determinations); and 

B8 - 12,147 Jh 299 (35 determinations). 
Promy elocytic leukemia HL-60 cells also exhibit nuclear shrinkage (data not shown) . 

30 
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Example 4 - IEM Selectivity Based on Cell Type 

The IEM parameters required to induce cell death in different cell types were 
examined. Eosinophils were observed to be more sensitive to IEM than neutrophils. 
Method: IEM parameters included sham or control (fresh), A4 (60 nsec, 6kV), B6 (300 
nsec, 4kV), and B8 (300 nsec, 6kV) as well as additional IEM parameters as indicated. 
Human neutrophil preparations include some contaminating eosinophils, which are more 
abundant during hay fever/allergy seasons (at the time of these studies). The number of 
eosinophils was determined as a percentage of the number of neutrophils by morphology 
and cell counting under light microscopy. 

Result: As the energy/ power of IEM is increased, the number of eosinophils present 
immediately after IEM is significant decreased from the cell population without 
significant losses of neutrophils (see Table I). 



TABLE I 



Slide # 


nsec 


KV/cm 


Fresh 


0 


0 


Al 


60 


30 


A2 


60 


40 


A3 


60 


50 


A4 


60 


60 


B5 


300 


30 


B6 


300 


40 


B7 


300 


50 


B8 


300 


60 


B9 


300 


- 80 



Neutrophils eosinophils % eosinophil 



183 17 9.0 

194 6 3.0 

190 10 5.0 

190 10 5.0 

192 8 4.0 

188 12 6.0 

200 0 0.0 

200 0 0.0 

199 1 0.5 

200 0 0.0 
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Example 5 - Effect of IEM on Chemotaxis 

IEM alters neutrophil function without disrupting the plasma membrane. The 
effects on chemotaxis are different than the effects on unstimulated movement, 
5 suggesting a selective effect on neutrophil function. 

Method: IEM parameters included sham or control (S), A4 (60 nsec, 60 kV/cm), B6 
(300 nsec, 40 kV/cm), and B8 (300 nsec, 60 kV/cm). Cell were exposed to various IEM 
parameters, placed into wells cut in agarose fill plates, and then induced to crawl in 
response to control buffer ( unstimulated movement ) or to a chemical stimulant from 

10 bacterial fMLP ( chemotaxis ). After two hours of movement under agarose, the cells 
were stained and the absolute density at distances from the origin and mean distance 
migrated by the neutrophil population were determined by image analysis. 
Result: For chemotaxis, there is a direct relationship between energy /power and 
inhibition of chemotaxis function; higher energy /power results in increases in 

15 chemotaxis inhibition as determined by the absolute density at distances from the origin 
in each (Fig. 11) and mean distance migrated (Fig. 13). There were 61.6%, 62.4%, and 
87.8% inhibition with parameters A4, B6, and B8, respectively, as a percentage of the 
migration of the bacterial fMLP stimulated control, as determined by the mean distance 
migrated by the neutrophil population (see Table II). 

20 

TABLE II 



Conditions 

Controls 
60 nsec, 180 mJ/ml 
300 nsec, 400 mJ/ml 
300 nsec, 900 mJ/ml 



Chemotaxis 

14.77 
5.67 
5.56 
1.86 



% Inhibition of 
Chemotaxis 

61.6 
62.9 
87.8 



Unstim. Movement 

3.18 
1.65 
1.98 
2.54 



In contrast, for unstimulated movement there appears to be little effect between 
25 energy /power and inhibition of movement (see Figs. 12 and 13). The relationship 

between energy /power of the pulse and inhibition of unstimulated movement is unclear. 
With parameters A4, B6, and B8, respectively (see Table II), pulsed unstimulated cells 
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showed small amounts of inhibition of migration with respect to the unstimulated 
control. 



Example 6 

5 The effect of IEM on the proliferation of HL-60 cells in logarithmic growth 

phase was examined. Proliferation was inhibited by IEM as a function of pulse 
duration. These results indicate a potential for IEM to selectively kill rapidly growing 
cells, e.g., tumor cells, 

Method: HL-60 cells were maintained at a density of 100-300,000 cells / ml, conditions 
10 for maximal cell doubling time (10-14 h, log phase growth). Cells were exposed to 

various IEM parameters by maintaining a constant energy exposure (200-250 mJ/ml) at 
different pulse durations as indicated. The cells were then diluted to 50,000 cells/ml and 
the viable cell number (cells that excluded trypan blue; i.e. live cells) was determined 
after 0, 24, and 48 hours using a hemocytometer under light microscopy. 
15 Results: The number of viable cells was not different from control immediately after 
treatment with IEM (see Fig. 14). Twenty-four hours after IEM, treated cells grew at 
rates similar to control, except under the condition of the longest pulse time (200 jasec). 
After 48 hours, the proliferation rate of cells exposed to a pulse of 0.06-10 j^sec began 
to decrease, indicating more death events than proliferation events. Cells exposed to a 
20 pulse of 200 p,sec increased their proliferation rate to near the control rate. 

Example 7 - Effect of IEM on Cells in Stationary Growth Phase 

The effect of IEM on the proliferation of HL-60 cells in the stationary growth 
phase was examined. Growth was enhanced by IEM as a function of pulse duration. 
25 These results indicate a potential for specific IEM conditions to promote the growth of 
slowly dividing cells. 

Method: HL-60 cells were maintained at a density of 1-3,000,000 cells/ml for 3-5 days, 
conditions for minimal cell doubling time (near stationary phase growth). Cells were 
exposed to various IEM parameters by maintaining a constant energy exposure (1.7-1.9 
30 J/ml) at different pulse durations as indicated. The cells were then diluted to 50,000 

cells/ml and the viable cell number (cells that excluded trypan blue; i.e. live cells) was 
determined after 0, 24, and 48 hours using a hemocytometer under light microscopy. 
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Results: The number of viable cells was not significant different from control 
immediately after treatment with IEM (see Fig. 15). After 24 and 48 hours, the 
proliferation rates were greater than control for cells exposed to a pulse of 0.05 or 200 
jasec. The proliferation rate was less than control for cells exposed to a pulse of 10 
5 usee. A pulse duration minimum is observed to inhibit the proliferation of slowly 
growing cells. 

Example 8 - IEM Induced Apoptosis in Cells 

The experiments described in Example 3 above (see Figure 10) demonstrated that 

10 IEM pulses can result in the shrinkage of the nucleus, a hallmark of apoptosis. New 
data using more specific and definitive markers for apoptosis as well as necrosis, 
support the hypothesis that IEM pulses induces apoptosis in neutrophils and HL-60 cells. 
Method: IEM parameters include sham or control (fresh), A4 (60 nsec, 60 kV/cm, 216 
mJ/cc), B6 (300 nsec, 40 kV/cm, 480 mJ/cc), and B8 (300 nsec, 60 kV/cm, 1.08 J/cc). 

15 Neutrophils or HL-60 cells were incubated with Annexin-V-FITC and Ethidium bromide 
homodimer ("EtBr"). Annexin-V-FITC binding was used as a quantitative apoptosis 
marker. Annexin-V exhibits calcium-dependent binding to phosphatidylserine. While 
phosphatidylserine is typically restricted to the inner leaflet of the cell membrane in 
normal cells and is therefore inaccessible to Annexin-V in solution, apoptotic cells 

20 express phosphatidylserine in their outer membrane leaflet, resulting in ready binding of 
Annexin-V to their surfaces. EtBr binds to DNA, but is impermeable to the cell 
membrane. EtBr fluorescence occurs only in cells that have ruptured membranes. 
Therefore, apoptotic cells exhibit only Annexin fluorescence while necrotic cells exhibit 
fluorescence for EtBr plus or minus Annexin fluorescence. Cells are exposed to IEM 

25 and at the indicated times after IEM, cells are evaluated by fluorescence microscopy, 
counted, and expressed as percent cells showing apoptosis and necrosis. 
Results: Control cells (human neutrophils) do not exhibit significant markers for 
apoptosis or necrosis during the time course of the experiment (see Figs. 16 and 17). 
This indicates that these pulses do not kill the cell by membrane rupture. HL-60 cells 

30 exposed to IEM conditions A4, B6, and B8 show a time-dependent and an energy- or 

power-dependent increase in apoptosis. In A4, B6, and B8, cells begin to show the 

apoptosis marker after 5, 3, and 1 hours, respectively (see Fig. 16). As the apoptotic 

cells proceed to cell death, necrosis occurs, secondary to apoptosis (see Fig. 17). This 
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is indicated by the appearance of necrosis only after apoptosis. Secondary necrosis is an 
in vzYro-specific effect. In vivo, the apoptotic cells are remove by phagocytosis before 
necrosis and inflammation occur. Figures 18 and 19 show similar results for human 
neutrophils. 

5 

Example 9 - Effect of IEM Treatment on Calcein-AM Stained Cells 

Free calcein is a highly fluorescent modified fluorescein with 6 negative and 2 
positive charges that is membrane impermeant. In its methyl ester form, calcein-AM, it 
is non- fluorescent and membrane permeable. When used as a fluorescent stain for cells, 

10 calcein-AM passes through the surface membrane and is cleaved to free calcein + the 
methyl ester residue by intracellular esterase activities. This modification traps the free 
calcein in the cytoplasm of the cell, and retention of the free calcein is a common 
criterion for intactness of the surface membrane. In addition to remaining trapped 
within the cell, the intracellular free calcein also remains excluded from other 

15 intracellular membrane -bound compartments because of its membrane impermeant 
nature (an effect illustrated in calcein-AM labeled eosinophils which show bright 
cytoplasmic free calcein fluorescence and "negative staining" of their large intracellular 
granules). 

Aliquots of an eosinophil-enriched leukocyte preparation (65 % eosinophils) were 
20 exposed to 1 /xM free calcein in HBSSw/o plus increasing amounts (0%-0.05%) Triton 
X-100 (5 minutes, 25°C) and examined microscopically. Eosinophils exposed to free 
calcein without Triton showed no calcein staining consistent with the membrane 
impermeant characteristics of free calcein. Red eosinophil autofluorescence was readily 
visible and was also visible in all conditions up to and including the free calcein + 
25 0.01% Triton exposure. However, in the free calcein + 0.01% Triton condition, 
occasional eosinophils showed an isolated bright green granule within the eosinophil 
autofluorescence pattern. In the free calcein + 0.05% Triton condition, fluorescent 
illumination revealed many discrete areas of pale green fluorescence with overlying, 
bright green punctate areas of fluorescence. After Wright-Giemsa staining, these were 
30 recognized to be the residual nuclei of fully detergent-solubilized cells (pale green 

fluorescence) with associated eosinophilic granules corresponding exactly to the punctate 
areas of bright fluorescence (see Figure 26) . These results illustrated that detergent- 
treated eosinophil granules stained brightly with free calcein, presumably due to 
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interaction between cationic eosinophil granule components and the anionic free calcein, 
and paralleled results of others using fluorescein-labeled antibodies. 

Calcein-AM stained eosinophils trap free calcein in their cytoplasm after staining 
(left), and the intracellular free calcein is excluded from the eosinophil's large granules 
5 as shown on the left. Without Triton treatment, free calcein is incapable of staining 
eosinophil cytoplasm (center): only eosinophil auto fluorescence visible. With 
incubation in 0.001 % Triton, free calcein continues to be excluded from eosinophils, but 
stains the fine granules of a PMN showing obvious detergent effects (right) (see Fig. 
27). With 0.005% Triton treatment (left), the morphology of some eosinophils suggests 

10 partial detergent solubilization which is accompanied by bright free calcein staining of 
eosinophil granules, and detergent solubilized PMN show very fine, fluorescent "calcein 
sand" staining patterns. With 0.01% Triton + 1 /jlM free calcein treatment (center), all 
eosinophils show nuclear changes suggestive of detergent effect, and many contain 1-2 
bright granules on a background of red autofluorescence. With 0.05% Triton X-100 + 

15 1 juM free calcein treatment, only eosinophil nuclear remnants are seen (right, top), some 
with associated eosinophilic granules which are brightly fluorescent with free calcein 
(right, below). 

A typical pulse generator for producing USPEF effects is illustrated in Figure 
25, and consists of a pulse forming network (typically a coaxial cable or a strip line), a 

20 switch and the load. In the case of a matched load (resistance of the load = the 
impedance of the pulse forming network), the voltage pulse across the load has an 
amplitude of half the voltage applied to the pulse-forming network (for the experiments 
described, the pulse-forming network comprised 5 high voltage 50 Q cables in parallel, 
which achieved the required 10 Q impedance for matched operation). The pulse 

25 duration is twice the length of the cable or strip line, divided by the speed of the 

electromagnetic wave in the dielectric of the pulse-forming network. The switch is a 
simple spark gap in atmospheric air. The breakdown voltage is set by varying the gap 
distance. The load consists of the 100 }iL of cell suspension to be exposed to the 
USPEF, and when Hanks Balanced Salt Solution without Ca ++ and Mg ++ (HBSSw/o) is 

30 used to suspend the cells, has an electrical resistivity of 100 Qcm. The load is placed in 
an electroporation cuvette (BioRad, Inc., Hercules, CA) constructed with parallel plate 
aluminum electrodes 1 cm 2 in area and separated by 0.1 cm, resulting in a load 
resistance R = 10 Q. 
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Polymorphonuclear leukocytes (PMN) were purified from heparinized blood was 
obtained from adult volunteer donors, using hypaque-ficoll sedimentation, dextran 
sedimentation and hypotonic lysis. These cell preparations were typically 92-95% 
PMN, 5-8% eosinophils and 1-3% mononuclear cells. Following purification, PMN 
5 preparations were labeled with 1 /xM calcein-AM (Molecular Probes, Inc. Eugene, OR) 
according to the manufacturer's directions, washed and adjusted to 20 x 10 6 /ml in Hanks 
Balanced Salt Solution without Ca ++ or Mg ++ (HBSSw/o). 

Immediately following USPEF application, cells were removed from the cuvette, 
diluted 1:4 in HBSS with Ca ++ and Mg ++ (HBSSw) and applied to glass slides (1000 

10 rpm, 5 minutes) using a Cytospin 3 (Shandon Southern, Sewickley, PA). Multiple slide 
preparations for each pulse condition were prepared (1000 rpm, 5 minutes) and kept in a 
sealed box until examined microscopically. Microscopic examinations used either an 
Olympus BH-1 photomicroscope with a Kodak DC-120 digital camera, or an Olympus 
1X70 inverted microscope with an OlymPix CCD video camera at 100X magnification. 

15 Initial experiments used PMN labeled with calcein-AM to achieve fluorescent 

labeling of the cytoplasm and showed that single USPEF applications of either 3.6 or 
5.3 megavolts/m could effect intracellular free calcein distributions and the Wright- 
Giemsa stained morphology in these cells assessed microscopically. Multiple USPEF 
applications induced subjective changes in both intracellular free calcein distributions 

20 and Wright-Giemsa stained PMN morphology, but the most striking effect was seen in 
eosinophils contaminating the PMN preparations. "Sparkler" cells (cells with 
cytoplasmic calcein staining plus centrally-located, large, bright fluorescent granules) 
were seen with both electric field intensities when >3 USPEF applications were used 
(see Table 1). When examined by Wright-Giemsa stain, the "sparkler" cells were 

25 always eosinophils, and often appeared "shrunken" relative to the appearance of 
eosinophils in the control condition. 

Recognizing that intense free calcein staining of eosinophils granules could only 
occur if granule membrane integrity was lost, two eosinophil-enriched leukocyte 
preparation (65% and 87% eosinophils) were USPEF exposed (60 nsec, 53 kV/cm x3 or 

30 x5) and examined the cells microscopically (see Figure 26). Control cell preparations 
stained with calcein-AM showed eosinophils with bright cytoplasmic free calcein 
staining and exclusion of free calcein from their intracellular granules. 
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Figure 26 shows "sparkler" cells in an eosinophil preparation exposed to USPEF 
treatments (60 nsec, 53 kV/cm x3 (middle) and x5 (below)). Control eosinophils 
labeled with calcein-AM (top) show bright cytoplasmic free calcein staining with 
exclusion of fluorescence from intracellular granules. Application of multiple USPEF 

5 treatments to this cell preparation results in appearance of "sparkler" cells with bright 
cytoplasmic free calcein staining (indicating that the surface membrane is intact) and 
bright fluorescence of some intracellular granules, indicating that intracellular free 
calcein has gained access to and labeled the cationic intragranular components. The 
middle panels also illustrate the "shrunken" eosinophil morphology frequently noted in 

10 the 60 nsec, 53 kV/m x3 and x5 conditions. A normal sized eosinophil with bright 
cytoplasmic free calcein staining/unstained granules is at right, and 3 "shrunken" 
eosinophils, all "sparkler" cells, are on the left. 

After USPEF exposures in both conditions, 39% and 77% (3 USPEF exposures), 
and 42% and 58% (5 USPEF exposures) of all cells had "sparkler" characteristics 

15 (strong cytoplasmic free calcein staining plus subpopulations of central, brightly 

fluorescent intracellular granules) and were eosinophils on subsequent Wright-Giemsa 
staining, respectively. Considering the degree of eosinophil enrichment in the test 
preparations, 76-84% (3 USPEF exposures) and 59-71% (5 USPEF exposures) of total 
eosinophils had acquired "sparkler" characteristics following these treatments. 

20 Eosinophil granules contain a variety of cationic proteins which could potentially 

bind the highly anionic free calcein if the granule membrane were breached, as shown in 
the Triton solubilization experiment. Therefore, we conclude that development of 
"sparkler" morphology in calcein-AM loaded eosinophils following repeated USPEF 
applications is the result of selective poration/disruption of the eosinophil granule 

25 membrane during USPEF applications, which allowed cytoplasmic free calcein to enter 
the granule and bind to the cationic granule components. We interpret this as strong 
evidence that selective poration/disruption of intracellular membranes without loss of 
surface membrane integrity can be achieved with USPEF applications. 

30 Example 10 - IEM of Mouse Fibrosarcoma Cells In Vitro 

Seven to 8 week old immunocompetent C57B1/6 mice were inoculated 
subcutaneously with 1.5xl0 6 B10. 2 mouse fibrosarcoma cells in 0.1 ml PBS using a 1 cc 
syringe fitted with a 27-gauge needle. The injection site was either in the flank region 
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or on the back of the animal. Two to three weeks later the tumors were excised and 
sliced into two pieces along the equatorial axis. One piece served as a matched control 
and the other piece was exposed to three pulses each at 300 nsec and 60 kV/cm (1.08 
J/cc). 

Tumor slices (0.1 cm thickness) were placed in an electroporation cuvette 
between two electrodes spaced 0. 1 cm apart and Hank's balanced salt solution was 
added to fill the cuvette. The tissues were exposed to pulses as indicated, removed, and 
prepared for analysis. The tissues were incubated for 5 hours at 37 °C in RPMI media 
with 10% fetal bovine serum. The tissues were then fixed in 10% buffered formalin for 
18 hours. The air was removed from the tissues using a vacuum and the degassed 
tissues were embedded in paraffin. Four micron slices were prepared and placed on 
glass slides pretreated with 2% APES in acetone. The paraffin was removed by 
successive washes in xylene, absolute ethanol, 95% ethanol, 70% ethanol, and PBS. 
The tissue slices were incubated with proteinase K (40ug/ml) for 15 minutes at 40°C. 

The tissue slides were prepared for examination of DNA fragmentation as a 
marker for apoptosis using a rhodamine-labeled sheep anti-digoxigenin antibody (Apop- 
tag ™ from Intergen) and fluorescence microscopy according to the manufacturers 
protocol. The slides were counterstained with DAPI. Normal nuclei were stained blue 
by DAPI and apoptotic nuclear were stained red with rhodamine. Two to three hundred 
cells were counted and scored as blue (normal) or red (apoptotic). The apoptotic index 
is defined as the number of apoptotic nuclei divided by the total number of nuclei. The 
results are shown in Table IV below. 
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Table IV 
Apoptosis of Mouse Fibrosarcoma 
Following Electromanipulation 

5 
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6.7 




Post 
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32.5 


35.0+ 2.2 
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243 


96 


39.5 






294 


89 


30.3 






258 


97 


37.6 





Table IV illustrates the apoptotic index (percentage of apoptotic cells) in a 
representative tumor that was exposed to three consecutive 300 nsec pulses at 6 kV in 

10 comparison to an unpulsed control. About 6% of the nuclei from the control tumor 
were apoptotic when sampled from four different sections of the same tumor. In 
contrast, 35% of the nuclei were apoptotic from the tumor exposed to the sequence of 
ultra-short, high intensity pulses. This represents a 6-fold increase in apoptotic nuclei 
after exposure to these pulses. In a total of 6 tumors from different animals, a 3-6-fold 

15 increase in apoptotic nuclei were observed in tumors exposed to the electric field pulses, 
although the absolute number of apoptotic nuclei in untreated tumors varied from 4 % to 
30%. No differences were observed between control and treated tumor tissues when 
three consecutive pulses at 60 nsec and 6 kV were compared (data not shown). These 
results indicate that ultra-short, high intensity pulses can induce apoptosis in tumor 

20 tissue. 

Example 11 - IEM Treatment of Mouse Fibrosarcoma In Vivo 

Initial experiments with ultrashort electric pulses have been conducted with 
tumor cells in culture. In order to assess fully the potential effectiveness of ultrashort 
25 electric field pulses for the treatment of human tumors, animal models will be used. 
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Experiments with cultured intact cells indicates that apoptosis is a major mechanism for 
cells death induced by ultrashort electric pulses. To investigate the potential for human 
cancer treatment in the future, animal models will be used to establish the effect of 
ultrashort electric field pulses on animal tumors in vivo. C57BL/6 mice represent a 
5 well-characterized and accepted model to evaluate cancer therapeutic strategies as a 
necessary precursor to clinical trials in humans. This species is very effective since a 
tumor cell line is derived for this animal. 

For the mouse fibrosarcoma tumors, the immunocompetent C57B1/6 mouse 
model will be used. Seven to 8 week old mice will be inoculated subcutaneously or 

10 intradermally with 5xl0 6 BIO. 2 mouse fibrosarcoma cells in 0.1 ml phosphate buffered 
saline ("PBS ") using a lcc syringe fitted with a 27-gauge needle. The injection site will 
be on the back of the animal so as not to interfere with its movement or feeding. Tumor 
masses are expected to form over a 6-week period into a mass about 5-10 mm in 
diameter. The mass of the resulting tumor will not be allowed to exceed 10% of body 

15 weight before being subjected to the ultrashort electric pulse treatment. 

The mice with induced subcutaneous tumors will be divided into six different 
groups and five of the groups will have their tumors exposed to ultrashort electric pulse 
treatment in vivo. The six group will serve as an untreated control group to monitor the 
course of tumor development. The pulse parameters for the five different treatments 

20 will be used based on results from the ex vivo experiments. The ultrashort electric 
pulse conditions for the five different groups are shown in Table V below. 
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Table V 

IEM Pulse Conditions for in vivo Tumor Treatments 





Pulse Duration 


Pulse 
Amplitude 


Average 
Electric Field 


Control mice 


NA 


NA 


NA 


Treatment 1 


1 nsec 


50 kV 


100 kV/cm 


Treatment 2 


1 nsec 


100 kV 


200 kV/cm 


Treatment 3 


10 nsec 


50 kV 


100 kV/cm 


Treatment 4 


60 nsec 


50 kV 


100 kV/cm 


Treatment 5 


300 nsec 


30 kV 


60 kV/cm 



5 

As indicated by the parameters in Table V, short duration (nanosecond to 
hundreds of nanoseconds), high voltage (tens of kilovolts), low energy (tens of 
millijoules to several Joules), non-thermal electric pulses will be used. These pulses do 

10 not result in permanent disruption of the cell plasma membrane, but can alter subcellular 
structures such as the nucleus, mitochondria and/or vesicles by unknown mechanism(s). 
The pulses will be delivered through an electrode array consisting of a pair of stainless 
steel needles the size of acupuncture needles spaced 5mm apart. The pair of needles 
will be inserted into the tumor or the surrounding margin of healthy tissue at least the 

15 depth of the tumor. The current will pass synchronously through opposite pairs of 

needle yielding a homogenous field within and just outside the cross section defined by 
the needles (see Figure 28 for a depiction of the electric field generated during the 
pulse). The energy density is strongest in the plane bounded by the two needles and 
decreases outside this plane. The needle pairs will be energized in both polarities. The 

20 pair of needles will be removed and reinserted in two additional positions so that the 

overall composite of the positions corresponds roughly to a regular hexagon (see Figure 
29). Treatment of the tumor with sequential pulses from each of the three positions is 
referred to herein as "one pulse cycle." The needle array will be inserted into the 
healthy tissue just surrounding the tumor so that the tumor is contained within the 

25 hexagon defined by the array. One pulse cycle will be delivered per tumor, unless the 

32 



WO 01/10319 



PCT/US00/21197 



tumor exceeds the bounds of the array, in which case a second pulse cycle will be 
delivered in an array offset to encompass the portion of the tumor not covered by the 
first pulse cycle. Typically, for each position in the pulse cycle, sequences of multiple 
pulses will be applied to the tumor within a relatively short time interval, e.g., 
5 sequences of 5-10 pulses with a spacing of 1-2 seconds between succeeding pulses will 
be applied at each position. 

When tumors are treated with ultrashort electric pulses in vivo, the mice will be 
placed in a system with oxygen and 2% Isofluorane input to allow continued sedation 
during entire surgical procedure. The area around the tumor is shaved with electric 

10 clippers and prepped with betadine. An array of electrodes the size of acupuncture 

needles will be inserted into or surrounding the tumor and ultrashort electric pulses will 
be delivered within a relatively short period of time. The total procedure time is less 
than 10 minutes. The mouse will then be placed into a fresh cage and is expected to be 
ambulatory within 2 minutes. 

15 Following IEM, animals will be monitored daily and tumor size will be 

determined at least twice weekly over a 4 week period using calipers. At the endof this 
period, tumors will be excised and examined for the presence of apoptosis. Several 
methods for apoptosis analysis will be utilized including one or more of the following: 
(1) by fluorescenct histology for apoptosis; 

20 (2) for DNA fragmentation using a fluorescein-labeled and fluorescence 

microscopy: 

(3) by fluorescence microscopy and flow cytometry for binding with annexis-V- 
FITC (necrosis) in tumors after mincing, and digestion with collagenase; 

(4) for caspase activation using the fluorescent substrate DEVD-AFC; and 
25 (5) for caspase activation by immunoblot analysis using a caspase 3 antibody. 

Throughout this application various publications are referenced. The disclosures 
of these publications in their entireties are hereby incorporated by reference into this 
application in order to more fully describe the state of the art to which this invention 
30 pertains. 

The invention has been described with reference to various specific and 
illustrative embodiments and techniques. However, it should be understood that many 
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variations and modifications may be made while remaining within the spirit and scope of 
the invention. 



CROSS REFERENCE TO OTHER APPLICATIONS 

This application claims priority of U.S. Provisional Application Serial No. 
60/147,099, filed on August 4, 1999, and U.S. Application Serial No. 09/546,754, filed 
on April 11, 2000, the disclosures of which is herein incorporated by reference. 
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1 . A method for selectively destroying target cells in a medium comprising applying 
one or more ultrashort electric field pulses to said target cells; wherein each ultrashort 
electric field pulse has a pulse duration of no more than 1 microsecond and an amplitude 
of at least 10 kV/cm. 

2. The method of claim 1 wherein each ultrashort electric field pulse has a rise 
time of no more than 50 nanoseconds. 

3. The method of claim 1 wherein the ultrashort electric field pulse has a rise time 
which is no more than 20% of the pulse duration. 

4. The method of claim 1 wherein the pulse duration is at least 100 picoseconds. 

5. The method of claim 1 wherein the pulse duration is 1 nanosecond to 500 
nanoseconds. 

6. The method of claim 1 wherein the ultrashort electric field pulse provides a total 
energy density of at least 20 mJ/cc. 

7. The method of claim 1 wherein each of the one or more ultrashort electric field 
pulses is a trapezoidal pulse. 

8. The method of claim 1 wherein each of the one or more ultrashort electric field 
pulse has a Fourier spectrum which includes frequencies with amplitudes greater than 
Vmax/2 between 1 MHz and 1 GHz. 

9. The method of claim 1 wherein said target cells in the medium are a suspension 
including said target cells in a growth medium. 

10. The method of claim 1 wherein said target cells in the medium are a tissue 
including said target cells. 

11. The method of claim 8 comprising applying the one or more ultrashort electric 
field pulses to said target cells in vivo. 
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12. The method of claim 1 wherein the amplitude and duration of the one or more 
ultrashort electric field pulses are insufficient to irreversibly disrupt surface membranes 
of the target cells. 

13. The method of claim 1 comprising applying to said target cells one or more 
ultrashort electric field pulses of sufficient amplitude and duration to collectively 
activate annexin binding on an outer cell surface membrane of said target cells without 
causing an immediate, irreversible disruption of the outer cell surface membrane in said 
target cells. 

14. The method of claim 1 comprising applying to said target cells one or more 
ultrashort electric field pulses of sufficient amplitude and duration to collectively cause 
shrinkage of said target cells without causing an immediate, irreversible disruption of 
the outer cell surface membrane in said target cells. 

15. A method for initiating apoptosis in target cells comprising applying one or more 
ultrashort electric field pulses to said target cells; wherein each ultrashort electric field 
pulse has a pulse duration of no more than 1 microsecond and an amplitude of at least 
10 kV/cm. 

16. A method for selectively modifying first cells in the presence of second cells 
comprising applying at least one ultrashort electric field pulse to the mixture, wherein 
the ultrashort electric field pulse has a pulse duration of no more than 1 microsecond 
and an amplitude of at least 10 kV/cm. 

17. The method of claim 16 wherein the first cells are eosinophils and the second 
cells are neutrophils. 

18. The method of claim 16 comprising selectively destroying the first cells. 

19. The method of claim 16 wherein the first cells have a faster growth rate than the 
second cells. 

20. A method for modifying cells comprising applying to target cells at least one 
ultrashort electric field pulse of sufficient amplitude and duration to modify chemotactic 
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activity in the target cells without irreversible disruption of cell surface membranes in 
the target cells. 

21. The method of claim 22 comprising applying at least one ultrashort electric field 
pulse of sufficient amplitude and duration to decrease the chemotactic activity of the 
target cells. 

22. A method for modifying the proliferation of target cells in a non-proliferative 
state comprising applying to the target cells at least one ultrashort electric field pulse of 
sufficient amplitude and duration to modify proliferative activity in the target cells, 
wherein the ultrashort electric field pulse has a pulse duration of no more than 1 
microsecond. 

23. The method of claim 22 comprising applying at least one ultrashort electric field 
pulse of sufficient amplitude and duration to increase proliferative activity of the target 
cells. 

24. A method for selectively destroying target cells in vivo comprising applying one 
or more ultrashort electric field pulses to said target cells; wherein each ultrashort 
electric field pulse has a pulse duration of 100 picoseconds to 500 nanoseconds and an 
amplitude of at least 10 kV/cm. 

25. The method of claim 24 wherein each ultrashort electric field pulse has a rise 
time of no more than 40 nanoseconds. 

26. The method of claim 24 wherein said target cells are tumor cells. 

27. The method of claim 24 wherein said target cells are fat cells or cartilage cells. 
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